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Abstract 
Direct conversion of benzene to methane (>90 %) was achieved in a hydrogen atmosphere in 
a non-thermal plasma (NTP) dielectric barrier discharge (DBD) reactor at atmospheric 
pressure. The distribution of products was a function of both plasma input power and 
temperature. At ambient temperature the selectivity to lower hydrocarbons (LHCs) increased 
from 20% to 56% as the power was increased from 50 to 85 W. However, at a wall temperature 
of 200 oC, the selectivity to lower hydrocarbons increased to 80% at 50 W, and 97% at 75W. 
The major product was methane, reaching a selectivity to 90% at 85 W and 200 oC. Increasing 
input power and temperature both promoted the formation of methane. However, the selectivity 
to >C1 started to increase when increasing the concentration at constant power (85W) and 
temperature (200 oC). 
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Non-thermal plasma (NTP) is a novel and interesting technology for removal of particulate 
matter, tar and VOCs 1-5. NTPs are non-equilibrium in nature, as the temperatures of the 
electrons are much higher than that of the background gas 6. These electrons have average 
energies in the range 1-10 eV 7, so can ionize the background gas, producing a reactive 
atmosphere, of radicals, ions and electrons. These reactive species play a key role in the 
removal of targeted compounds (e.g. tar, VOCs, particulate matters). Nevertheless, a main 
drawback of NTP technology is the formation of organic by-products and solid residues, and 
it has proven very difficult to eliminate the formation of theses unwanted by-products 8. These 
by-products may be toxic and/or environmentally malign, and they may create operational 
problems 9. Therefore, the complete conversion of targeted compounds to non-toxic and 
valuable products is necessary. Guo et al (2018) studied the decomposition of toluene in a DBD 
reactor to investigate the by-product formation. It was reported that a spectrum of organic 
compounds were formed, including formaldehyde, acetaldehyde, methanol, benzene, acetic 
acid, benzaldehyde, formic acid, benzoic acid. The risks associated with these organic products 
could be higher than that of parent VOC 8. The formation of solid deposits is widely reported 
and can cause array of problems10-13. For the long-term stable operation of plasma 
discharges, solid carbon must be removed 14.  Jamroz et al (2018) stated that during 
decomposition of benzene, soot presented in significant amounts 15. Osman and Marc (2016)  
measured the time required to produce significant blocking in a reactor by measuring the 
pressure drop 11. The increase in pressure drop could produce leakages or cracks in dielectric 
tubes. Saleem et al (2018) also reported the formation of black deposits during the 
decomposition of toluene in DBD reactor13.  
Fig. 1 shows the selectivity to all lower hydrocarbons, with respect to power at 20oC and 
200 oC. It can be observed that, at the lower temperature, the maximum selectivity to lower 
hydrocarbons reaches only 56%, even at the highest power used (85 W). It was happened 
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because the energy absorbed by electrons increased when increasing the power 16. These 
high energy electrons increase the number of ions and radicals by ionizing the background 
gas. Therefore, all these reactive species may contribute to decompose the aromatic ring to 
produce the lower hydrocarbons. However, at this temperature, a significant amount of 
carbon is deposited on the reactor inner surface. At 200 oC, the selectivity is high (80%) even 
at 50 W, and increases to 97 % at 75 W. It has been reported that increasing temperatures at 
constant power promoted the cracking reaction of aromatic compounds in the presence of H2 
17, 18. 
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Fig.1. Effect of power on the selectivity to lower hydrocarbons at ambient and 200 oC; bars 
represent standard deviation. Reaction conditions: concentration = 32 g/Nm3; flow rate 41 
ml/min; residence time= 4.19 s; 
The reactive H radicals promoted the conversion of aromatic compounds and increased the 
selectivity to LHCs rather than heavier hydrocarbons. It was reported that significant high 
temperature required (>760 oC) for the ring opening products during the decomposition of 
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benzene 19. However, in current study, due to presence of reactive species (electrons and 
radicals) in non-thermal plasma, these reactions take place at relatively lower temperature. 
Fig.3 shows the selectivity of individual lower hydrocarbons at 20oC and 200 oC. 
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(b) 
Fig.2. Effect of power on selectivity of individual lower hydrocarbons at ambient and 200 
oC; bars represent standard deviation. Reaction conditions: concentration = 32 g/Nm3; flow  
rate 41 ml/min; residence time= 4.19 s; (a) at 20oC (b) at 200oC 
Clearly the most abundant hydrocarbon was methane in all cases. At ambient temperature, 
selectivity to all lower hydrocarbons increased with increasing power. However, at 200 oC, 
selectivity to methane increases with increasing power, whereas selectivity to C2-C5 begins to 
decrease. This implies that at these conditions the C2-C5 hydrocarbons are being cracked to 
methane. The main reaction channel for C2-C5 hydrocarbon cracking involves the breakage of 
single and double carbon-carbon bonds. Reactive H radicals can react with these fragments to 
produce methane. It was reported that hydrogen was responsible for the production of methane 
during the catalytic cracking of benzene, and the yield of methane significantly increased when 
increasing the H2 concentration in the carrier gas. In addition it was concluded that hydrogen 
did not contribute to the decomposition of benzene directly 20. However, in that study 
significant high temperature >500 oC was required along with catalyst. It was observed that the 
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conversion of C2-C5 hydrocarbons to methane occurred at elevated temperatures (400 
oC) under 
constant plasma power (40 W) because of hydrocracking reactions 17. In another study, it was 
reported that the selectivity of C2-C5 started to decrease when increasing the surrounding 
temperature above 200 oC 2.  
Fig. 3 compares the effects of power and temperature on the selectivity to lower hydrocarbons. 
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Fig.3 Effect of power and temperature on selectivity of lower hydrocarbons; bars represent 
standard deviation. Reaction conditions: concentration = 32 g/Nm3; flow rate 41 ml/min; 
residence time= 4.19 s; 
 It can be observed that the (almost) complete conversion of benzene to lower hydrocarbons 
is possible by two means: firstly by increasing the power to 75 W at constant temperature 
(200 oC), and, secondly, by increasing the temperature to 400 oC at 50 W. 
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Fig.4 shows the effect of temperature on the selectivity to individual lower hydrocarbons at 
constant power (50W). Selectivity to methane increases monotonically with temperature, but 
the selectivity to C2-C5 exhibits a maximum around 200 
oC. 
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Fig.4 Effect of temperature on conversion of benzene and selectivity to individual lower 
hydrocarbons; bars represent standard deviation. Reaction conditions: concentration = 32 
g/Nm3; Power= 50 W flow rate 41 ml/min; residence time= 4.19 s. 
 
Clearly, increasing temperature promotes the ring-opening of benzene to produce aliphatic 
hydrocarbons. However, the formation of > C1 hydrocarbons decreases with their increasing 
conversion into methane with increasing temperature. It has been reported that the apparent 
activation energy decreases at higher temperatures, which would increase the selectivity to 
methane formation 21. 
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Figure 4 shows that conversion of benzene also started to decrease with increasing the 
temperature after 200 oC. In previous study, the decomposition of toluene was studied at 
elevated temperature. It was noted that the formation of benzene started to increase when 
increasing the temperature at constant plasma power 17. Therefore it can be deduced that high 
temperature promotes the formation of benzene, which reduce the decomposition of benzene 
in current study. This may be due to recombination reactions of phenyl and H radicals. 
The effect of concentration was also studied to investigate the distribution of products (fig.5). 
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Fig.5. Effect of concentration of benzene on conversion and selectivity to lower 
hydrocarbons; bars represent standard deviation. Reaction conditions: concentration = 32-
110 g/Nm3; flow rate 41 ml/min; power= 85 W; Temperature=200 oC residence time= 4.19 
s; 
 
8 
 
Clearly, the selectivity to methane formation decreases with increasing concentration, from 91 
to 33 %. However, the selectivity to C2 and C3 species increases from 4.2 to 22 % and 1.5 to 
10 % respectively. Therefore it can be concluded that higher concentration promotes the 
formation of >C1 lower hydrocarbons under the synergetic effect of constant temperature (200 
oC) and power. However, the conversion of benzene reduces to 60 % with increasing the 
concentration. The possible reason is that molecules of   benzene subjected to same discharge 
zone increased about 3.5 times, while all other parameters (power, temperature and residence 
time) were unchanged. Therefore, the relative amount of reactive species (energetic electrons, 
H radicals) with respect to benzene molecules decreases, thereby decreases the conversion of 
benzene 22, and furthermore, the lack of reactive H radicals and ions discourage the cracking 
of C2-C5 to form methane.. 
In summary, this study shows that the complete conversion of benzene to lower hydrocarbon 
can be achieved either by increasing the power at fixed surrounding temperature (200 oC) or 
by increasing the temperature at constant plasma power. In both cases, selectivity to methane 
is above 90%. However, the formation of methane started to decrease when increasing the 
concentration up to 110 g/Nm3, and production of >C1 lower hydrocarbons increased. 
Therefore, the spectrum of products can be controlled by judicious use of both plasma power, 
temperature and concentration. 
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